Many lines of evidence indicate that connexin genes expressing gap junction (GJ) proteins inhibit tumor cell proliferation. However, the precise molecular mechanisms remain unclear. In this study, we show that overexpression of connexin43 (Cx43) suppressed proliferation of human osteosarcoma U2OS cells through inhibition of the cell cycle transition from G1 to S phase. This inhibition was attributed to a signi®cant accumulation of the hypophosphorylated retinoblastoma (Rb) protein, which was causally related to decreases in the kinase activities of cyclin-dependent kinases (CDKs) 2 and 4. Enforced Cx43 expression markedly increased the level of the CDK inhibitor p27. This increase resulted from an increased synthesis and a reduced degradation of the p27 proteins, but not in¯uence of the p27 mRNA. Moreover, we show that the Cx43-modulated GJ function was the main contributor to the elevation in p27 levels, in which cAMP was involved. These data suggest that Cx43 appears to inhibit proliferation of U2OS cells by increasing the levels of p27 proteins via post-transcriptional regulatory mechanisms. Oncogene (2001) 20, 4138 ± 4149.
Introduction
In most eukaryotic tissues and organs, information can be directly transferred from one cell to neighbor cells through specialized intercellular channels called gap junctions (GJ) (Bruzzone et al., 1996) . One GJ channel consists of two hemichannels (or connexons) from two adjacent cells, and each hemichannel is composed of six individual transmembrane proteins called connexins (Cxs) (Bennett et al., 1991; Paul, 1995) . Currently, about 16 members of the Cx family have been cloned and identi®ed (Kandel, 2000) . By means of the GJ channels, all the cells in a communicating tissue are capable of freely exchanging ions and hydrophilic molecules of up to 1000 to 1500 Dalton in size, thereby maintaining the electrical and metabolic tissue homeostasis (Goodenough et al., 1996; Kumar and Gilula, 1996) . This process is known as gap junctional intercellular communication (GJIC) .
Vast lines of evidence strongly suggest a tumor suppressing eect of Cx genes. Tumor promoting chemicals (Fitzgerald and Yamasaki, 1990 ) and oncogenes (like src, ras, raf, fms) (Martin et al., 1991) inhibit the level of GJIC, whereas anti-tumor agents (such as retinoids, cAMP) up-regulate GJIC (Trosko et al., 1993) . Most, if not all, tumor cells are usually associated with decreased or diminished expression and function of Cxs (Yamasaki and Naus, 1996) . Cx mutations (Cx32 and Cx37) are detectable in rat tumor cells . Furthermore, cells derived from the Cx gene knockout mice (Cx43
and Cx32
7/7
) had a higher tendency for tumorigenesis compared with the wild type (Martyn et al., 1997; Temme et al., 1997) . Moreover, transfection of various Cx genes into GJIC-de®cient tumor cells restored the normal cell growth (Mehta et al., 1991; Mesnil et al., 1995; Proulx et al., 1997; Statuto et al., 1997; Rae et al., 1998) . However, the mechanisms, by which Cxs inhibit tumor cell proliferation, are still not well understood.
Cell proliferation is divided into dierent phases (G1, S, G2, and M) that are now called the cell cycle. Transition from one phase to another is a coordinated, sequential, and synchronized process that is controlled by speci®c cell cycle regulatory proteins. The progression of cells from G1 to S phase requires phosphorylation of the retinoblastoma (Rb) protein, after which Rb becomes inactive and loses its ability to repress transcription of genes required for the G1-to-S transition (Weinberg, 1995) . One of the major targets of Rb is the E2F family of transcription factors. Rb forms a complex with the carboxyl terminal region of E2F that contains the transcriptional activation domain. This blocks the ability of E2F to activate gene transcription (Dyson, 1998) .
Phosphorylation of Rb is carried out by the serine/ threonine kinases known as cyclin-dependent kinases (CDKs). In mid-G1 phase, D-type cyclins associate with and activate their partners of CDK4 and CDK6. The cyclin D-CDK4/6 complexes then initiate phosphorylation of Rb after which cyclin E-CDK2 becomes active and completes phosphorylation of Rb on the remaining sites. This allows subsequent progression through the cell cycle (Sherr, 1996) .
CDK inhibitors can block the activities of cyclin-CDK complexes. There are two kinds of CDK inhibitors. The INK4 family of CDK inhibitors consists of four members: p16 INK4a , p15 INK4b , p18 INK4c and p19
INK4d
, which speci®cally bind CDK4 and CDK6, and consequently inhibit association of cyclin D with CDK4/6. In contrast, the Cip/Kip family of CDK inhibitors (p21 Cip1/Waf1 , p27 Kip1 and p57 Kip2 ) broadly inhibits activities of CDK2, 4, and 6 (Sherr and Roberts, 1999) .
To better understand the mechanisms whereby Cx genes inhibit tumor cell proliferation, in the present study we transfected the human osteosarcoma U2OS cells with the cDNA of rat connexin 43 (Cx43), one of the Cx proteins. It has shown wide inhibitory eects on tumor growth of various cell lines (Zhu et al., 1992; Chen et al., 1995; Mesnil et al., 1995; Proulx et al., 1997; Huang et al., 1998; Omori and Yamasaki, 1998; Krutovskikh et al., 2000) . We ®rst illustrate that forced expression of Cx43 inhibited the proliferation of U2OS cells through a reduced rate of G1/S transition of the cell cycle. Secondly, we show that this cell cycle suppression was linked to the inhibition of phosphorylation of Rb by CDK2 and CDK4. Thirdly, we demonstrate that enforced Cx43 expression elevated the levels of p27 proteins through posttranscriptional regulatory mechanisms. Finally, we show that the Cx43-modulated GJIC function was the main instigator of p27 up-regulation, in which cAMP was involved.
Results

Restoration of GJIC and inhibition of tumorigenicity of U2OS cells by Cx43 expression
U2OS is a human osteosarcoma cell line expressing wild type p53 and Rb, but lacking p16 (Grossel et al., 1999) . To investigate the eects of Cx genes on tumor cell proliferation, we transfected U2OS cells with a plasmid encoding Cx43, a widely distributed GJ protein among dierent tissues (Beyer, 1993) , because it shows tumor suppressive eects on various tumor cell lines. At the same time, the empty vector without Cx43 insertion was also transfected as the negative control. After the selection with 0.5 mg/ml G418, ®ve independent stable clones for the Cx43 transfectants were isolated, and designated clones 1 to 5, whereas the drug-resistant colonies for the empty vector were trypsinized and mixed together. Immunoblotting results showed that all the ®ve randomly selected clones constitutively expressed high levels of Cx43 proteins, whereas no expression was detected in the parental and vector-transfected cells (Figure 1a) . To avoid the phenotypic artifacts that may result from the selection and propagation of individual clones derived from single transfected cells, a cell pool was generated. This cell pool was composed of cells from each clone with the same cell number. Early passages of the cell pool were used in this study.
Formation of GJ channels by exogenous Cx43 proteins was con®rmed by immunostaining. Cx43 had a punctate distribution in the cell pool at regions of intercellular contact ( Figure 1b , the lowest panel), which is characteristic of GJ channels (Huang et al., 1998) . In addition, nearly 100% cells in the cell pool exhibited membrane staining of Cx43. However, it was absent in the parental and vector-transfected cells.
The function of these GJ channels was evaluated by examining the level of cell-cell communication via thē uorescence recovery after photobleaching (FRAP) technique (Zhang et al., 2000b) . As illustrated in Figure 1c , the¯uorescence photobleached by laser beams in the Cx43-transfected cell pool recovered very well, indicating that high levels of GJIC existed in these cells. By comparison, in the parental and vectortransfected cells, no recovery of¯uorescence was observed. These data suggest that the parental U2OS cell is GJIC-de®cient, and forced expression of Cx43 restored their GJIC function.
To determine whether overexpression of Cx43 could aect the tumorigenicity of U2OS cells, we ®rst performed the in vitro shedding assay. In normal cells the proliferation rate decreases at high cell density. However, in tumorigenic cells the proliferation rate does not decrease; as a result, the excessive cells will be shed. Therefore, cell shedding can, to some extent, re¯ect tumorigenicity (Orford et al., 1999) . The data in Figure 1d reveals that the cell number shed from all the ®ve Cx43-transfected clones was signi®cantly less than that from the parental and vector-transfected cells.
Then we examined the anchorage-independent growth and tumor formation of U2OS cells. As reported (Huang et al., 1998; Krutovskikh et al., 2000) , the ability of U2OS cells to form colonies in soft agar (Figure 1e ) and tumors in nude mice ( Figure  1f ) signi®cantly decreased in Cx43-transfected cells compared with the parental and vector-transfected cells. These data suggest that expression of Cx43 inhibited the tumorigenicity of U2OS cells.
Negative proliferation control of U2OS cells by Cx43 via slowed cell cycle progression
Then we examined whether overexpression of Cx43 may aect proliferation of U2OS cells. The same number of cells (4610 3 ) from each cell line were initially seeded. As shown in Figure 2a , after the cells were cultured for 7 ± 8 days, the cell growth rate of the Cx43-transfected cell pool decreased signi®cantly, as compared with the parental and vector-transfected cells. These results are in agreement with many observations obtained from other cell lines, suggesting that Cx43 inhibited the proliferation of U2OS cells.
To distinguish whether the observed decrease in the cell growth rate resulted from the inhibition of cell cycle or the induction of cell death, we conducted cell cycle and cell death tests. As reported by others (Chen et al., 1995; Huang et al., 1998; Koer et al., 2000) , the FACS analyses showed that the percentage of G1-phase cells in all the ®ve Cx43-transfected clones was signi®cantly higher than that in the parental or vectortransfected cells; accordingly, the cell populations in the S and G2/M phases clearly decreased (Figure 2b ). On the other hand, little dierence of cell death was observed among the parental, vector-, and Cx43-transfected clones; moreover, the cell death rate was less than 5% (Figure 2c ). These data suggest that constitutive expression of Cx43 inhibited U2OS cell proliferation via repression of the G1/S transition of the cell cycle, but not induction of the cell death.
Inhibition of phosphorylation of Rb
Cell cycle progression through G1 into S phase is known to require phosphorylation of Rb to free E2F transcription factors, which control the expression of genes responsible for the G1 to S phase transition (Sherr, 1996) . When the Rb protein is hypophosphorylated, it is capable of binding E2Fs, thereby arrests cells in the G1 phase. However, hyperphosphorylation of Rb causes it to lose its grip on E2Fs, subsequently allowing cells to enter the S phase (Weinberg, 1995; Dyson, 1998) . To elucidate the mechanisms underlying the cell cycle repression of Cx43, we examined the expression levels of Rb and E2Fs. As illustrated in Figure 3a , the protein levels of E2F1, E2F4, and p53 were nearly the same in the parental, vector-and Cx43-transfected cells. However, cells of the Cx43-transfected cell pool accumulated rather signi®cant amounts of the low molecular weight hypophosphorylated Rb proteins, which were not clear in the parental and vector-transfected cells. Further, all the ®ve Cx43-transfected clones clearly expressed the hypophosphorylated forms of Rb (Figure 3b ). These results indicate that phosphorylation of Rb might be inhibited in Cx43-transfected cells. To verify this, we examined the cellular levels of hyper-and hypophosphorylated Rb proteins.
Phosphorylation of Rb occurs predominantly on the serine and threonine residues (Weinberg, 1995) . There- fore, the serine-and threonine-phosphorylated Rb and the non-phosphorylated Rb will represent the hyperand hypo-phosphorylated Rb, respectively. As shown in Figure 3c , the serine-and threonine-phosphorylated Rb proteins in the parental and vector-transfected cells were clearly more than those in Cx43-transfected cells ( Figure 3c , the upper and middle panels). In contrast, the levels of hypophosphorylated Rb proteins were signi®cantly higher in Cx43-transfected cells than in the parental and vector-transfected cells ( Figure 3c , the lower panel). These data con®rmed that overexpression of Cx43 inhibited phosphorylation of Rb.
The ability of Rb to induce G1 arrest involves its complexes with E2Fs (Weinberg, 1995) ; so we examined the association of Rb with E2Fs. The results in Figure 3d show that the levels of Rb/E2F1 complexes in Cx43-transfected cells were clearly higher than those in the parental and vector-transfected cells. Interaction of Rb with E2F2 and E2F3 was also examined. The eects were weaker than that with E2F1, and no obvious dierence was observed (data not shown).
Taken together, we propose that forced expression of Cx43 inhibited phosphorylation of Rb, subsequently Equal amounts of cell lysates were ®rst immunoprecipitated with the speci®c anti-phosphoserine antibody to get the total serine-phosphorylated proteins, then the anti-phosphothreonine antibodies were added into the same supernatants to precipitate the total threonine-phosphorylated proteins. The serine-and threonine-phosphorylated proteins may contain the hyperphosphorylated forms of Rb. Finally, the phosphoserine-and phosphothreonine-depleted supernatants were immunoprecipitated with the anti-Rb antibody to get the hypophosphorylated Rb, which did not contain the hyperphosphorylated Rb proteins, because they did not react with the antiphosphoserine and anti-phosphothreonine antibodies (data not shown). All immunoprecipitates were then blotted with the antiRb antibody. (d) Association of Rb with E2F1. Equal amounts of cell lysates were immunoprecipitated with the anti-Rb antibody, and then blotted with the anti-E2F1 antibodies promoted association of hypophosphorylated Rb with E2F1 to form higher levels of Rb/E2F1 complexes, and then repressed transcription of genes that control the G1/S transition.
Decreased kinase activities of CDK2 and CDK4 in Cx43-transfected cells Phosphorylation of Rb is governed by the cyclindependent kinases (CDKs). In an eort to understand how the phosphorylation of Rb was inhibited, we examined the kinase activities of CDK2 and CDK4. As shown in Figure 4 (the upper panels in a and b), the kinase activities of CDK2 (Figure 4a ) and CDK4 ( Figure 4b ) clearly decreased in Cx43-transfected cells compared with the parental and vector-transfected cells. However, the total amounts of CDK2 and CDK4 proteins remained unchanged (the lower panels in Figure 4a and b). These results demonstrate that the CDK kinase activities were inhibited in Cx43-transfected cells, which may be responsible for the inhibition of phosphorylation of Rb.
Increased p27 expression in Cx43-transfected cells
The activities of CDKs are positively regulated by cyclins and CDKs and negatively regulated by CDK inhibitors (Sherr and Roberts, 1999) . To understand how the CDK kinase activities were inhibited, we ®rst examined expression of cyclins and CDKs. The results in Figure 5a ,b show that the protein levels of cyclins (A, D1 and E) and CDKs (2, 4, 6, and cdc2) did not vary among the parental, vector-and Cx43-transfected cells, indicating that inhibition of the CDK kinase activities did not result from changes of expression levels of cyclins and CDKs.
Then we detected expression of the CDK inhibitors. Results in Figure 5c demonstrate that both of the Cx43-transfected clones expressed much higher levels of the Cip/Kip family CDK inhibitor p27 than the parental and vector-transfected cells did, while expression of other CDK inhibitors was not in¯uenced. This ®nding indicates that enforced Cx43 expression elevated the levels of p27 proteins.
Enhanced association of p27 with cyclins and CDKs p27 inhibits the CDK kinase activities through binding to the cyclin-CDK complexes (Sherr and Roberts, 1999) . To understand how the CDK kinase activities were inhibited, we examined association of p27 with cyclins and CDKs. Figure 4 Decreased CDK kinase activities by overexpression of Cx43. Cells growing at the similar state as that after being plated for 12 days shown in Figure 2a were used. The activities of CDK 2 (a) and CDK 4 (b) were analysed by using histone H1 and the full length Rb protein as the substrate, respectively. The same amounts of immunoprecipitates were also immunoblotted with anti-CDK2 and anti-CDK4 antibodies as the internal control (lower panels) First, immunoprecipitates from the anti-p27 antibody were blotted with anti-cyclin and anti-CDK antibodies, and the results were illustrated in Figure 6a . Except cyclin A, the protein levels of cyclin D1, cyclin E, and CDKs (2 and 4) coimmunoprecipitated with p27 were clearly higher in both Cx43-transfected clones.
We next examined the amounts of cyclin-and CDKbound p27 proteins. The results in Figure 6b show that the protein levels of p27 coimmunoprecipitated with cyclins (D1 and E) and CDKs (2 and 4) in both Cx43-transfected clones were much higher than those in the parental and vector-transfected cells. However, the total amounts of cyclin E-CDK2 and cyclin D1-CDK4 complexes in Cx43-transfected cells were essentially the same as those in the parental and vector-transfected cells (Figure 6c ).
In addition, no changes in association of p21 with cyclins and CDKs were observed (data not shown). These data suggest that association of p27, but not p21, with cyclin E-CDK2 and cyclin D1-CDK4 was enhanced, after which the CDK kinase activities may be suppressed.
The Cx43-mediated GJIC function contributed largely to p27 up-regulation Many studies have suggested that either the Cxmodulated GJIC function or the Cx protein itself is responsible for the tumor suppressing eect of the Cx gene (Yamasaki et al., 1999) . To understand what roles the Cx43-modulated GJIC function and the Cx43 protein itself played in the up-regulation of p27, we used brefeldin A (BFA, a speci®c Golgi apparatus inhibitor that reversibly blocks membrane tracking of proteins) and 18 b-glycyrrhetinic acid (GA, a speci®c GJIC inhibitor) to inhibit the GJIC function in Cx43-transfected cells, and then investigated their eects on the expression of p27 and Rb.
First, we examined formation of the GJ channels. As shown in Figure 7A , membrane staining of Cx43 was observed in the Cx43-transfected cell pool ( Figure 7A-b) , but not in the parental cells (Figure 7A-a) . Treatment of Cx43-transfected cells with BFA completely blocked the formation of GJ channels, the Cx43 proteins presented in the cytoplasm and nucleus ( Figure 7A-c) ; however, after the removal of BFA, the GJ channels were re-formed, although this recovery eect was not complete, because in some cells the Cx43 proteins still located in the cytoplasm and nucleus ( Figure 7A-d) . In contrast, treatment with GA did not aect the GJ channel formation ( Figure 7A-e) .
We next analysed the GJIC function. The results in Figure 7B show that the Cx43-transfected cells presented a very high level of GJIC function, which was absent in the parental cells. BFA treatment completely inhibited the GJIC function in Cx43- The levels of p27 proteins coimmunoprecipitated with cyclins and CDKs. Equal amounts of cell lysates were immunoprecipitated with antibodies against cyclins and CDKs, electrophoresed, and blotted with the anti-p27 antibody. (c) The total amounts of cyclin E-CDK2 and cyclin D1-CDK4 complexes. Cells were immunoprecipitated with antibodies against CDKs 2 and 4, and blotted with antibodies against cyclins E and D1, respectively transfected cells; however, when BFA was removed, the GJIC function was clearly restored. Treatment with GA also signi®cantly, but not completely, inhibited the GJIC function, although it did not disturb the GJ channels. After washout of GA, the GJIC function was restored (data not shown).
Finally we investigated the eects of BFA and GA on the expression of p27 and Rb. As illustrated in Figure 7C , the parental cells had a relatively lower level of p27; accordingly, the Rb proteins predominantly expressed as the hyperphosphorylated forms. However, in Cx43-transfected cells, the levels of p27 proteins increased signi®cantly; as a result, Rb proteins mainly expressed as the hypophosphorylated forms. Treatment of Cx43-transfected cells with BFA clearly suppressed the increase in p27 levels, but the amounts of p27 proteins were still more than those in the parental cells. Interestingly, the Rb proteins expressed both as the hypo-and as the hyper-phosphorylated forms. After the removal of BFA, p27 proteins clearly recovered to the similar level as that without BFA treatment; consequently the hyperphosphorylated forms of Rb diminished. The eect of GA on p27 was similar to BFA, whereas that on Rb was dierent. Although expression of the hyperphosphorylated Rb proteins was not observed in the GA-treated cells, the hypophosphorylated Rb was signi®cantly less than that in the Cx43-transfected cells. These data demonstrate that blockade of GJIC (whereas the Cx43 proteins still expressed) largely, but not completely, reduced the eect of Cx43 expression on the up-regulation of p27, implicating that GJIC might be the main instigator of p27 up-regulation.
cAMP was involved in the Cx43-induced up-regulation of p27
The anti-tumor agent cAMP has been reported to arrest cell growth through increased expression of p27 (Kato et al., 1994) . It is able to up-regulate both GJIC and Cx expression (Trosko et al., 1993; Mehta et al., 1996) . Furthermore, cAMP can be transmitted between cells through the GJ channels. To determine whether cAMP might be involved in the up-regulation of p27, we ®rst measured the intracellular level of cAMP. The data in Figure 8a showed a small but signi®cant increase in the level of intracellular cAMP in Cx43-transfected cells, suggesting that overexpression of Cx43 promoted accumulation of cAMP. However, in the presence of BFA, cAMP fell to the similar level as that in the parental and vector-transfected cells, indicating that accumulation of cAMP might be mediated by GJIC.
To clarify whether cAMP was really involved in p27 up-regulation, we next examined eects of the cAMP analogue Bt 2 cAMP and the cAMP antagonist RpcAMPs on p27 expression. As shown in Figure 8b , the protein level of p27 was signi®cantly higher in Cx43-transfected cells than in the vector-transfected cells. The cAMP analogue Bt 2 cAMP and Bt 2 cAMP plus IBMX (a cAMP phosphodiesterase inhibitor that prevents cAMP from being degraded) further increased the levels of p27 proteins compared with the Cx43-transfected cells. In contrast, the cAMP antagonist RpcAMPs signi®cantly repressed the increase in p27 levels; however, the levels of p27 proteins in the RpcAMPs-treated Cx43-transfected cells were still a little higher than those in the vector-transfected cells. These data indicate that cAMP may contribute mainly to the Cx43-induced up-regulation of p27.
Post-transcriptional regulation of p27
To understand how the p27 proteins were up regulated in Cx43-transfected cells, we ®rst measured the level of p27 mRNA by Northern hybridization. Although the results in Figure 9a showed that the level of p27 mRNA in Cx43-transfected cells was a little higher than that in the parental and vector-transfected cells (the left panel), it was also the case for GAPDH (the right panel). This observation suggests a posttranscriptional regulation of p27.
Then we detected the rate of synthesis of p27. As shown in Figure 9b , the newly synthesized p27 proteins in Cx43-transfected cells were signi®cantly more than those in the vector-transfected cells. Treatment with the cAMP analogue Bt 2 cAMP induced a further increase in the levels of newly synthesized p27 proteins. However, the cAMP antagonist Rp-cAMPs clearly inhibited the increased synthesis of p27, the newly synthesized p27 in Cx43-transfected cells was nearly reduced to the same level as that in the vectortransfected cells. These data suggest that overexpression of Cx43 increased the rate of synthesis of p27 proteins via the cAMP-mediated pathway.
Finally, to determine the rate of turnover of p27, we conducted the pulse-chase experiments. As demonstrated in Figure 9c , the levels of 35 S-labeled p27 proteins kept nearly unchanged for about 1 h in the parental and vector-transfected cells, then declined rapidly (the upper and second panels in Figure  9c ). However, in Cx43-transfected cells, they remained not to be degraded for up to 3 h, and the levels fell gradually (the third panel in Figure 9c ). As an internal control, a non-speci®c protein presented Figure  8 . The medium was then changed to fresh DMEM without methionine and cysteine, and 100 mCi [ 35 S]methionine plus cysteine was added into the medium and cultured for 90 min. Cell extracts were prepared and equal amounts of proteins were subjected to immunoprecipitation with the anti-p27 antibody. The immunoprecipitated proteins were separated and analysed by auto¯uorography. (c) Turnover of p27 proteins. Cells were pulselabeled for 60 min as described above, then the medium was changed into the normal DMEM with methionine and cysteine, and cells were chased for the indicated periods (0.5, 1, 2, 3, 6 and 12 h). All extracts were obtained and processed as above. The numbers represent quantitative data relative to the 35 S-labeled p27 after chased for 0.5 h. The lowest panel represented a non-speci®c protein with the molecular weight of about 50 Kda in all cases (about 50 Kda) was hardly degraded (the lowest panel in Figure 9c ), con®rming that the dierences between the Cx43-transfected cells and the parental and vector-transfected cells did not re¯ect experimental variations in transfer, labeling, or loading. Furthermore, BFA or Rp-cAMPs did not change the eects of Cx43 on p27 degradation (data not shown), suggesting that GJIC-independent mechanisms might be responsible for the reduced degradation of p27. Although the chase time was not long enough to quantitate the exact half-life of the protein, it is clear that degradation of p27 was inhibited in Cx43-transfected cells.
Discussion
In this study we demonstrate that introduction of Cx43 into U2OS cells caused inhibition of cell proliferation through a cell cycle regulatory pathway in which the CDK inhibitor p27 was up regulated. This increase in p27 levels resulted from an increased synthesis and a reduced degradation of the proteins, but not the in¯uence of the p27 mRNA. The increased synthesis was mediated by cAMP that acted downstream of GJIC, whereas the reduced degradation might be GJIC-independent.
Many studies have suggested that Cx genes inhibit tumor cell growth probably through two pathways. One is linked to the Cx-mediated GJIC function, in which putative growth inhibitory factors are assumed to diuse through the GJ channels and then induce the growth inhibition (Loewenstein, 1979; Mehta et al., 1986; Cornil et al., 1991; Martin et al., 1991; Zhu et al., 1992) . The other suggests that the Cx proteins themselves may show some GJIC-independent biological roles in inhibiting the tumor cell growth (Bradshaw et al., 1993; Chen et al., 1995; Du¯ot-Dancer et al., 1997; Statuto et al., 1997; Omori and Yamasaki, 1998; Krutovskikh et al., 2000) . However, the precise mechanisms remain unclear. Here, we demonstrate that both routes might be involved in the Cx43-induced inhibition of U2OS cell proliferation, where the GJIC function was the major contributor. First, we showed that blockade of the GJ channel formation by BFA profoundly reduced the elevation in p27 levels in Cx43-transfected cells, whereas re-formation of GJ channels (after the removal of BFA) made the p27 proteins recover to the similar level as that before the blockade of GJIC. Further, inhibition of the GJIC function only (whereas the GJ channels were not aected) by GA showed the similar eects to BFA on p27 expression, indicating that GJIC may be the main reason for the up-regulation of p27. Second, at the same time we realized that even though the GJIC function was completely blocked (but the Cx43 proteins still expressed in the cytoplasm and nucleus, or even formed into the GJ channels), the amounts of p27 proteins were still more than those in the parental cells, suggesting that GJIC-independent roles may also be involved. This was supported by the results of p27 degradation. Blockade of GJIC did not in¯uence the reduced degradation of p27 by Cx43 expression, implicating that the reduced degradation of p27 might be modulated by the Cx43 protein itself, which may act as a supplementary role in the elevation of p27 levels. Indeed, we have observed that the Cx43 protein was involved in the ubiquitinmediated degradation of p27 probably through direct modulation of skp2, a protein targets phosphorylated proteins for ubiquitination (Zhang et al., 2001, unpublished data) , which consequently prevented p27 degradation.
cAMP has long been known to induce growth arrest in various types of cells (Boynton and Whit®eld, 1983) probably through increasing the level of p27 (Kato et al., 1994) . cAMP has also been reported to up-regulate both GJIC and Cx expression (Trosko et al., 1993; Mehta et al., 1996) . Moreover, cAMP can be transferred between cells through GJIC. Therefore, we wonder whether cAMP participated in the up-regulation of p27. The results showed that the intracellular level of cAMP was signi®cantly higher in Cx43-transfected cells than in the parental and vector-transfected cells. The cAMP analog further increased the level of p27, whereas the cAMP antagonist largely inhibited the increase in p27 levels in Cx43-transfected cells, suggesting that cAMP may be mainly responsible for the elevation of p27. The data in Figures 7 and 8 revealed that inhibition of GJIC or cAMP largely repressed the increase in p27 levels in Cx43-transfected cells; hence, the major eects of GJIC and cAMP might be identical. Furthermore, since blockade of GJIC prevented accumulation of cAMP, we hypothesize that cAMP might be the thing-in-itself of GJIC to inhibit U2OS cell proliferation, although the involvement of other GJ-diusible factors could not be excluded. Thus it is possible to speculate that Cx43 expression allows GJIC formation, which in turn elevates p27 levels dependent on increased, or extant, cAMP levels. The often-referenced observation that cAMP elevation increased GJIC and Cx expression (Trosko et al., 1993; Mehta et al., 1996) places it upstream of these entities; however, the present study showed that Cx expression might also elevate the cAMP levels through unidenti®ed mechanisms.
Recently Koer et al. (2000) reported that they observed increased expression of p27 in mouse lung carcinoma cells and neoplastic rat liver epithelial cells transfected with both Cx43 and Cx32 (Koer et al., 2000) . It will be of interest to understand how p27 was up regulated in those cell lines, and whether the mechanisms are similar to those reported in the present study.
In conclusion, we propose that p27 mediated the cell cycle-inhibitory eects of Cx43 by inhibiting the phosphorylation of Rb by CDKs 2 and 4, thereby increasing the abundance of repressive Rb-E2F1 complexes that suppressed the G1/S transition. As a result, the cell proliferation was inhibited.
Materials and methods
Full-length rat Cx43 cDNA cloning and plasmid construction A cDNA fragment covering the entire coding region of the rat Cx43 (Beyer et al., 1987) was ampli®ed from the rat heart cDNA library (Takara Biomedicals, Tokyo, Japan) by polymerase chain reaction (PCR) with the following primers: upper 5'-TAAGTGAAAGAGAGGTGCCC-3' (178 to 197 bp); lower 5'-CTCCTCCATAATCGACAGCT-3' (1386 to 1367 bp). The blunt-end PCR product (1208 bp) was ligated into the linearized and topoisomerase I-activated PCR-Blunt II-TOPO vector (Invitrogen) using a Zero Blunt TM TOPO PCR Cloning kit as recommended by the manufacturer. The 1.3 Kb Cx43 cDNA was then isolated from the plasmid by EcoRI digestion. The Cx43 cDNĀ anked on the 5' and 3' sides by EcoRI was inserted into the pcDNA3.1(+) vector (Invitrogen) after linearization and dephosphorylation at its unique EcoRI site, yielding the expression vector pcDNA3.1(+)-Cx43. The sense-insertion of the Cx43 cDNA was selected by HindIII digestion, which produced a 90-bp fragment. Before transfection, the nucleotide sequence of the proper region of pcDNA3.1(+)-Cx43 was con®rmed by cycle sequencing using an ABI PRISM 310 Genetic Analyzer (version 3.3, Perkin-Elmer). It was 100% identical with that reported by Beyer et al. (1987) (Accession no. X06656).
Cell culture and stable DNA transfection
Human osteosarcoma U2OS cells were obtained from ATCC and cultured in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% hear-inactivated fetal bovine serum (FBS). Cell cultures were maintained in 5% CO 2 atmosphere at 378C in a humidi®ed incubator. 5610 5 cells were plated in 100-mm dishes 24 h prior to transfection. Cells were transfected with the expression vector pcDNA3.1(+)-Cx43 and the empty vector pcDNA3.1(+) using the FuGENE TM 6 transfection reagent (Roche Diagnostic Corp., IN, USA). After 2 days of transfection, the cells were split at 1 : 10, and the neomycin analogue G418 (Sigma, St Louis, MO, USA) was added into the medium at a concentration of 500 mg/ml. The medium containing G418 was changed every 4 days. After 3 weeks of selection, ®ve neomycin-resistant clones for pcDNA3.1(+)-Cx43 were picked by trypsinization in cloning cylinders and grown separately under the selective condition. The colonies of pcDNA3.1(+) vector were trypsinized and combined.
In vitro cell proliferation assay 4610 3 cells from each cell line were seeded onto 24-well culture plates at day 1 of the experiment. The cell number was then counted at days 3, 5, 7, 8, 10, 12, 14 and 17. Cell death assay 5610 4 cells from each cell line were plated in 35-mm glass coverslip dishes 3 days prior to the cell death assay. Cells were washed twice with phosphate-buered saline (PBS), cultured in PBS with 10 mg/ml Hoechst 33342 (Sigma, St Louis, MO, USA) and 20 mg/ml propidium iodide (PI, Sigma) at 378C for 15 min, washed three times with PBS, and viewed under the UV light with a¯uorescent microscope. The nuclei of living and dead cells are stained by Hoechst 33342 and PI, respectively, so they present dierent colors under the UV light. Cells with blue nuclei represent living cells, while those with red nuclei are dead cells. By counting the number of two kinds of cells, the cell death rate was obtained.
Cell cycle analysis
The cell cycle phases were determined by FACS analyses. Brie¯y, 2610 5 cells from each cell line were plated in 60-mm dishes. After the cells reached con¯uence, they were collected by trypsinization, washed twice with PBS, and stained with PI (20 mg/ml in 0.113% sodium citrate, 100 mg/ml RNase, and 0.1% Triton X-100 in PBS) for 15 min at room temperature. The stained cells were obtained by centrifugation, and re-suspended in PI solution (20 mg/ml in 0.113% sodium citrate/PBS). 1610 
Immunofluorescence staining of Cx43
Immuno¯uorescence staining was performed using a modi®ed method as previously described (Zhang et al., 1999a) .
GJIC analysis
The GJIC assay was performed as previously described (Zhang et al., 1999b ) using a technique known as gap-FRAP (¯uorescence recovery after photobleaching) with the aid of the ACAS 570 laser cytometer. In brief, cells were rinsed twice with PBS containing 1.25 mM CaCl 2 and 0.5 mM MgCl 2 (PBS(+)) and stained with 5 ± 10 mM 5, 6-carboxyuorescence diacetate (CFDA) in PBS(+) at 378C with 5% CO 2 for 10 ± 15 min. No staining dierences were found among all experimental cells. The cells were then rinsed ®ve times with PBS(+) to remove extracellular dye and covered with PBS(+) for FRAP analysis. The¯uorescence of randomly selected cells that had been stained with CFDA was bleached with 488-nm 600 mW visible laser beams, and then the recovery of¯uorescence was monitored over the subsequent 15 min. Unbleached cells served as the 100% uorescence control, and were used to correct for the loss of uorescence due to background leakage and photobleaching. This technique involves measuring the increase of¯uores-cence over time in a photobleached living cell adjacent to unbleached dye-labeled living cells, so it is able to yield quantitative data (Zhang et al., 1999a) . The¯uorescence recovery would re¯ect the level of GJIC existing between the photobleached cell and neighbor cells.
Antibodies, immunoblotting, and immunoprecipitation
anti-CDK2 (D-12), anti-CDK4 (C-22), anti-CDK6 (C-21) and anti-phosphothrenonine (H-2) were from Santa Cruz Biotechnology. Anti-cyclin D1 (Ab-3) was obtained from Oncogen TM research products; anti-cyclin E (14591A) was purchased from Pharmingen International, anti-phosphoserine (PSR-45) was from Sigma, and anti-Cx43 (MAB 3068) was from Chemicon Int. Inc.
Western blot analyses and immunoprecipitation were performed as previously described (Zhang et al., 1999b (Zhang et al., , 2000a .
Anchorage-independent growth assay
For each cell line 5610 4 cells were suspended in 2 ml of 0.33% low melting temperature agarose solution supplemen-ted with DMEM medium plus 10% FBS. This suspension was overlaid onto solidi®ed 0.5% agarose gel (3 ml, basal layer) in the same solution in 6-well plates. Three wells were prepared for each cell line. After 2 weeks of incubation at 378C 5% CO 2 incubator, colonies larger than about 0.2 mm in radius were counted in an area of 2 cm 2 . Values were converted to those for 6-well plates (9.4 cm 2 ).
Tumorigenicity assay
Aliquots of 1.2610 6 viable log-phase cells in 0.2 ml PBS were subcutaneously injected into both the left and the right¯anks of 4-week-old pathogen-free BALB/c An-nu/nu athymic mice. Each line of cells from the parental, vector, and Cx43-transfected clones (1, 3 and 5) was inoculated into ®ve mice. The growth of tumor nodules was monitored by measuring the size of tumors every 3 ± 5 days.
Protein kinase assay
Equal amounts of proteins from each cell line were subjected to immunoprecipitation with anti-CDK2 and anti-CDK4 antibodies and incubated at 48C overnight. Protein A/G plus Agarose beads (Santa Cruz) were added into the reaction liquid and incubated for an additional 4 h. The immune complexes were washed three times with PBS and twice with the kinase buer (50 mM Tris-HCl pH 8.0, 10 mM MgCl 2 , 1 mM PMSF, 1 mM DTT, and the protease inhibitor cocktail). The CDK2 kinase activity was assayed by resuspending the anti-CDK2 antibody-immunoprecipitated beads in a total volume of 50 ml kinase buer containing 2 mg histone H1 (Calbiotech, CA, USA), 5 mM cold ATP, and 2 mCi [g-32 P]ATP, incubated at 308C for 30 min and stopped by addition of the sample loading buer. The samples were separated by 15% SDS ± PAGE gels, and analysed by auto¯uorography. The CDK4 kinase activity was analysed by using the full length Rb protein (QED Bioscience Inc., CA, USA) as the substrate.
Assay of intracellular cAMP
The intracellular level of cAMP was analysed using the enzyme immuno¯uerescence assay (EIA) (Amersham, UK).
In brief, 5610 5 cells were plated into 100 mm dishes 3 days prior to assay. Cells were washed three times with PBS, and the EIA analysis was performed according to the manufacturer's instructions.
Biosynthetic labeling of p27
To examine the turnover of p27 proteins, 1.3610 7 cells were incubated in DMEM without methionine and cysteine, and pulse-labeled for 60 min with 100 mCi Promix L-[ 35 S]methionine plus cysteine (Amersham, UK). Then the medium was changed to normal DMEM with methionine and cysteine, and cells were chased for 0.5, 1, 2, 3, 6 and 12 h. The cells were then washed twice with PBS, and lysed in RIPA lysis buer. Equal amounts of protein extracts were immunoprecipitated with the anti-p27 antibody for 4 h at 48C. The immune complexes were collected on Protein A/G plus Agarose beads and washed twice with PBS and three times with RIPA buer. Proteins were eluted by heating at 98.58C for 5 min in the sample loading buer and separated by SDS ± PAGE gels. The p27 proteins were detected by auto¯uorography (Image Reader FLA-3000 V) and quanti®ed using the Image Gauge V3.12 software.
For determining the newly synthesized p27 proteins, cells were incubated with 100 mCi Pro-mix L-[ 35 S]methionine plus cysteine for 90 min in DMEM without methionine and cysteine. Then cell lysis and immunoprecipitation of p27 were conducted as described above.
Northern blot analysis
Total cellular RNA was extracted by using the Isogen RNA isolation reagent (Nippon Gene Co., Tokyo, Japan) according to the manufacturer's instructions. Equal amounts of total RNA were denatured, size-fractionated on 1% agarose formaldehyde gels and transferred to Hybond N + nylon membranes (Amersham, UK). The human p27 and GAPDH cDNAs were labeled with a-32 PdCTP (Amersham, UK) using the rediprime TM II random prime labeling system (Amersham, UK), and hybridization was carried out in 50% formamide at 558C overnight.
